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1  1. INTRODUCTION
The intermetallic compound CoSi belongs to a
series of transition metal silicides that crystallize in a
cubic (B20 type) lattice without a center of inversion.
In this series, most detailed investigations have been
devoted to manganese silicide MnSi, which is com
monly accepted to possess an itinerant (band) charac
ter and exhibits a transition to the longperiod heli
magnetic state at T < TN = 28.8 K.
Cobalt silicide CoSi, in which cobalt ions (like iron
ions in FeSi) do not possess magnetic moments, has
been studied to a lesser extent. Available published
data [1–4] on the magnetic properties of CoSi are
rather contradictory.
2. EXPERIMENTAL
In this work, we have studied the static magnetic
properties of four CoSi single crystals grown in various
laboratories, including Ames Lab (United States),
Institute of Metal Physics (Russian Academy of Sci
ences, Yekaterinburg, Russia), and TU Braunschweig
(Germany) (two crystals). These samples will be
referred to as Ames, Ural, and No. 17 and No. 144,
respectively. The crystals were grown by the Bridgman
(Ames) and Czochralski method (Ural, No. 17, and
No. 144) as described in more detail elsewhere (see,
e.g., [5]); they had weights within 130–280 mg.
The magnetization M of CoSi crystals was mea
sured using a vibratingsample magnetometer (Lake
Shore Cryotronix Inc.) equipped with a helium flow
cryostat. The measurements were performed in a
1 The article is based on a preliminary report delivered at the 36th
Conference on LowTemperature Physics (St. Petersburg,
July 2–6, 2012).
range of magnetic field strengths (H ≤ 11 kOe) and
temperatures (T = 5.5–450 K). The M(H) curves were
measured at a fixed temperature, and the M(T) curves
were measured in various constant fields. Immediately
prior to magnetization measurements, the samples
were etched in an HCl–HF–HNO3–glycerol (20 : 20 :
20 : 40 v/v) mixture. This pretreatment was very
important, since exposure of samples for 24 h in air led
to significant changes in their M(H) curves, which
exhibited hysteresis even at room temperature.
The sample for magnetic measurements was glued
to a silica holder. Since temperature variation at H =
10 kOe was accompanied by very small changes in
magnetization (from –650 to +300 µG cm3), it was
also necessary to measure and take into account the
background signal from the empty holder for each
sample. This contribution typically amounted to 260–
420 µG cm3 (depending on the sample position deter
mined by its length) in a field of H = 10 kOe (for which
M(T) measurements are typically performed). In these
measurements, the sample center must coincide with
that of the field of the magnetometer’s electromagnet.
For this reason, the holder positions for samples of
various lengths were different. To determine the mag
netization of a sample, the magnetization of the empty
holder was measured in a separate experiment and
then subtracted from the magnetization of the sam
ple–holder system. In a standard M(H) measurement
cycle, the magnetic field was first varied from zero to
+11 kOe, then reduced to –11 kOe, and eventually
increased again to +11 kOe. This procedure allowed us
to reveal the appearance of irreversibility in M(H),
which was related to the ferromagnetic ordering of a
certain fraction of magnetic centers at low tempera
tures.
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3. RESULTS AND DISCUSSION
The results of M(H) measurements showed that
these curves were close to linear in the entire tempera
ture range studied for all samples in magnetic fields
above approximately 3 kOe. In lower fields, the M(H)
curves exhibited some nonlinearities, which were
more clearly manifested at low temperatures (Fig. 1).
The character of these nonlinearities significantly
depended on the measurement temperatures.
At T ≥ 150 K, the M(H) curves measured for all
samples were reversible. A relatively small nonlinear
(with respect to the field) contribution to the magneti
−0.01
−10
0.01
0
−5 5 100
H, kOe
CoSi Ames
T = 20 K
−0.02
0.02
Msat
−0.2
0.2
0
CoSi Ames
T = 450 K
Msat
150 K
450 K
150 K
8
4
0
−4
−8
M, G cm3/mol M, 10−3 G cm3/mol
(a)
(b)
Fig. 1. Typical M(H) curves of CoSi single crystal (Ames sample) measured in the (a) diamagnetic [T = 450 K () and 150 K ()]
and (b) paramagnetic [T = 20 K ()] regions: (a) dashed lines drawn through experimental points illustrate the method of deter
mination of the linear contribution; solid curves show nonlinear contributions at T = 150 and 450 K on a greater (right) scale
(linear contributions are omitted); horizontal dotted lines show saturation magnetizations Msat(H); (b) separation of M(H) data
at T = 20 K into linear (dash–dot line) and nonlinear (solid curve) contributions; dashed line illustrates the method of determin
ing the linear M(H) contribution in strong (H ≥ 3 kOe) fields; the horizontal dotted line shows saturation magnetization Msat(H).
zation could be readily determined by subtracting the
prevailing linear contribution, which was determined
by a conventional method using the results of mea
surements in strong fields, where the nonlinear contri
bution exhibited saturation (see Fig. 1). The nonlinear
contribution determined using this procedure can be
related to the superparamagnetic behavior of a small
fraction of magnetic centers present in the studied
samples.
When the temperature was reduced to about 100 K,
the M(H) curves of all samples except No. 144 showed
a hysteresis characteristic of ferromagnetic order,
which implied that a small fraction of magnetic cen
ters exhibited the transition to an ordered ferromag
netic state. As the temperature was further reduced,
the width of the hysteresis loop significantly increased.
Estimations of the concentration of magnetic centers
involved in the ferromagnetic ordering gave values on
the order of 0.1–1 ppm. For sample No. 144, a hyster
esis in the M(H) curves was not observed when the
temperature was reduced even to T = 5.5 K.
By extrapolating the results of measurements in
strong fields to H = 0, it is possible to determine the
values of saturation magnetization Msat(T) that char
acterize a nonlinear (with respect to the magnetic
field) contribution to the magnetization of samples.
These nonlinear Msat(T) corrections were subtracted
from the M(T) values measured at H = 10 kOe. In this
way, we determined the temperature dependences of
the magnetization contribution linearly dependent on
the field at all temperatures T in the range studied. The
Msat(T) corrections for all samples did not exceed 6%
of the magnetization measured in a field of 10 kOe at
T = 300 K.
Figure 2 presents the temperature dependences of
magnetic susceptibility χ(T) = M(T)/H for four CoSi
crystals measured in a field of H = 10 kOe using the
abovedescribed procedure. As can be seen, all sam
ples exhibit a diamagnetic behavior at T > 40 K and are
characterized by increased magnetization with tem
perature for T > 220 K. To a first approximation, the
M(T) curves at T > 220 K are close to linear. At low
temperatures, the curves of all samples exhibit clearly
pronounced paramagnetic “tails.” For sample No. 17,
the paramagnetic contribution is about ten times as
small as those for the other three samples. Indeed,
these three samples become paramagnetic at T < 40 K,
while sample No. 17 remains diamagnetic in the entire
temperature range studied. On the other hand, sam
ples No. 17, Ames, and Ural possess close magnetiza
tions at high temperatures (near T = 450 K), whereas
the magnetization of sample No. 144 is significantly
lower. This difference correlates somewhat with the
behavior of the nonlinear contribution to the magne
tization of sample No 144 in comparison to the other
three CoSi crystals (see below).
By comparing the results for various crystals, we
determined the temperature dependence of magnetic
susceptibility χ(T) for a hypothetical ideal (free of
magnetic impurities and defects) CoSi crystal. This
comparison allowed us to eliminate difficulties in sep
arating the paramagnetic contribution to the suscepti
bility. These difficulties are related to the strong tem
perature dependence of the diamagnetic contribution
at relatively high temperatures.
The procedure used to separate the diamagnetic
contribution to χ(T) was as follows. By subtracting the
data for one sample (e.g., No. 17) from those for
another sample (e.g., Ames), it is possible in a first
approximation to eliminate the temperaturedepen
dent diamagnetic component, reliably determine the
paramagnetic contribution, and hence, correctly
restore the magnetic susceptibility of the ideal CoSi
crystal (see Figs. 3 and 4). In the ideal case, assuming
the same properties of the “matrices” in various sam
ples, it is possible to believe that the difference χ(T)
must be well approximated by the Curie–Weiss law as
χ(T) = C/(T – θ) (without χ0 term). For real samples
prepared in various laboratories, in which the proper
ties of matrices are also slightly different, the experi
mental data on χ(T) differences should be approxi
mated using the modified Curie–Weiss relation
χ(T) = C/(T – θ) + χ0, where χ0 is a constant contri
bution. Note that the χ0 values for all pairs of crystals
were very small, which characterized the closeness of
the matrix properties in various samples.
The χ(T) curves obtained in this way for the ideal
CoSi crystal were very close for all pairs of crystals. In
the entire working temperature range, the magnetic
susceptibility of the hypothetical ideal CoSi crystal
possessed a diamagnetic character and its absolute
value exhibited significant growth with decreasing tem
perature. In the region of lowest temperatures, the χ(T)
curve of the ideal CoSi crystal exhibits saturation. This
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Fig. 2. Temperature dependences of magnetic susceptibil
ity χ(T) = M(T)/H for four CoSi single crystals measured
in a field of H = 10 kOe. Curves connecting symbols are
guides for eye.
behavior is apparently related to the influence of band
effects analogous to those established for FeSi [6].
It should be noted that, at T < TM ≈ 20 K, all real
CoSi samples studied exhibited deviations toward
lower magnetization values with respect to the Curie–
Weiss type of dependences characteristic of higher
temperatures. These deviations were most clearly pro
nounced for the Ames and Ural samples (see Figs. 2
and 3). It can be assumed that these deviations are
related to magnetic ordering of some type (probably
with the formation of shortrange magnetic order) in
some system of magnetic centers, which lead at higher
temperatures (T > 20 K) to a paramagnetic contribu
tion to χ(T) that is well described by the modified
Curie–Weiss relation χ(T) = C/(T – θ) + χ0.
The nature of the paramagnetic centers responsible
for the χ(T) contribution close to the Curie–Weiss law
is unclear. On the one hand, the results of atomic
emission spectroscopy measurements show that the
mass content of iron impurity in all CoSi crystals
except No. 17 does not exceed 50 ppm, which is insuf
ficient to explain the appearance of paramagnetic tails
at low temperatures (see table). The Fe content in
Sample No. 17 has been estimated at about 200 ppm,
which in principle does not exclude that the lowtem
perature paramagnetic tails in this case are related to
the presence of iron impurity. However, there is no evi
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Fig. 3. Temperature dependences of magnetic susceptibil
ity χ(T) = M(T)/H of () Ames and () No. 17 CoSi sin
gle crystals measured in a field of H = 10 kOe; () differ
ence Ames–No. 17; (dashed curve) approximation of this
difference by the modified Curie–Weiss relation χ(T) =
C/(T – Θ) + χ0; (dotted curve) Curie–Weiss relation with
out χ0 constant; ( ) separated paramagnetic contribu
tion; () χ(T) of the hypothetical ideal CoSi obtained
using experimental data for Ames sample; () same for
sample No. 17 (solid curves are drawn for illustration).
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Fig. 4. Temperature dependences of magnetic susceptibil
ity χ(T) = M(T)/H of () No. 17CoSi single crystal mea
sured in a field of H = 10 kOe; (dashed curve) separated
paramagnetic contribution; (black circles) susceptibility of
the hypothetical ideal CoSi (same as depicted by black cir
cles in Fig. 3); (doted curve) sum of contributions plotted
by the dashed curve and black circles.
Magnetic characteristics of four CoSi single crystals
Sample Ames Ural No. 17 No. 144
C, 10–3 cm3 K/mol 3.7 4.9 0.84 2.8
θ, K –76 –96 –76 –51
nPM (Fe
3+, µeff = 5.9µB), ppm 850 1100 190 640
nPM (Co
3+, µeff = 4.9µB), ppm 1200 1600 280 930
nPM + SPM (Fe
3+, µ = 5µB), ppm 0.2 0.2 0.4 0.2
TC, K 125 75 75 <5.5
TM, K ~20 ~20 ~20 ~20
Note: nPM is the concentration of paramagnetic centers in a sample under the assumption that each center possesses an effective mag
netic moment µeff = 5.9µB (which corresponds to the moment of a free Fe
3+ ion), µeff = 4.9µB (magnetic moment of free Co
3+
ion); nFM + SPM is the concentration of magnetic centers involved in the ferromagnetic and superparamagnetic behavior under
the assumption that each center possesses a magnetic moment projection µ = 5µB (spin moment of free Fe
3+ ion, S = 5/2); TC
is the Curie temperature; and TM is the temperature of the onset of deviation from the Curie–Weiss law.
dence that Fe impurity ions in CoSi possess magnetic
moments (indeed, iron atoms in the isostructural
compound FeSi, as well as cobalt atoms in CoSi, are
nonmagnetic, while Co1 – xFexSi solid solutions with
almost all intermediate Fe concentrations are mag
netic; see, e.g., [7]). On the other hand, it was pointed
out [2, 8, 9] that, when an iron impurity is introduced
into CoSi, magnetic moments can appear on nearest
neighbor Co atoms rather than on impurity atoms. In
addition, it should be noted that magnetic moments
(per impurity atom) close to those observed in Fesub
stituted Co have also been obtained when Co is
replaced by Ni, Ru, and Rh. This probably indicates
that the magnetic moments that form upon substitu
tion are related to Co rather than to impurity atoms
[2]. Alternative possibilities include localization of
charge carriers on defects [4] (recently, the localiza
tion of carriers on defects was attributed to selfdoping
due to the polyvalent character of Co and the nonsto
ichiometry inherent in CoSi [5]). It is also not
excluded that magnetic moments form on Co atoms
adjacent to some structural defects (e.g., Co or Si
vacancies). It was pointed out (although for the Co
impurity in FeSi) [10] that an important circumstance
in the formation of magnetic centers is the simulta
neous presence of Co and Fe atoms at adjacent lattice
sites or, in other words, Fe–Co hybridization.
4. CONCLUSIONS
Comparison of the results in our experiments with
CoSi single crystals grown in various laboratories
allowed the temperature dependence of magnetic sus
ceptibility χ(T) = M(T)/H to be determined for a
hypothetical ideal (free of magnetic impurities and
defects) CoSi crystal. The susceptibility of this ideal
crystal in the entire temperature range possesses a dia
magnetic character, shows a significant increase in
absolute value with decreasing temperature, and
exhibits saturation at the lowest temperatures studied.
For real CoSi crystals of four types, the paramagnetic
contributions to the susceptibility have been estimated
and the nonlinear (with respect to the field) contribu
tions to magnetization have been determined and
taken into account in calculating χ(T). Elucidation of
the nature of paramagnetic centers in CoSi crystals
requires additional investigations.
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